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Little  is known  about  the  role  of mitogen-activated  protein  kinase  6  (MPK6)  in Na+ toxicity  and  inhibition
of  root  growth  in Arabidopsis  under  NaCl  stress.  In this  study,  we  found  that root elongation  in  seedlings
of  the loss-of-function  mutants  mpk6-2  and  mpk6-3  was  less  sensitive  to  NaCl  or Na-glutamate,  but  not
to KCl  or mannitol,  as  compared  with  that  of wild-type  (WT)  seedlings.  The  less  sensitive  characteristic
was  eliminated  by  adding  the  Ca2+ chelator  EGTA  or the Ca2+ channel  inhibitor  LaCl3, but not  the  Ca2+
ionophore  A23187.  This suggested  that  the  tolerance  of mpk6  to  Na+ toxicity  was  Ca2+-dependent.  We
measured  plasma  membrane  (PM)  Na+-conducted  currents  (NCCs)  in root  cells.  Increased  concentrations
of  NaCl  increased  the inward  NCCs  while  decreased  the  outward  NCCs  in  WT  root  cells, attended  by  a pos-
itive shift  in  membrane  potential.  In mpk6  root cells,  NaCl  signiﬁcantly  increased  outward  but  not  inward
NCCs,  accompanied  by a negative  shift  in  membrane  potential.  That  is, mpk6  decreased  NaCl-induced
+ +oot growth the  Na accumulation  by modifying  PM  Na ﬂux in  root  cells.  Observations  of aequorin  luminescence
revealed  a  NaCl-induced  increase  of cytosolic  Ca2+ in  mpk6  root  cells,  resulting  from  PM  Ca2+ inﬂux.  An
increase  of  cytosolic  Ca2+ was  required  to  alleviate  the  NaCl-increased  Na+ content  and Na+/K+ ratio  in
mpk6  roots.  Together,  these  results  show  that  mpk6  accumulated  less  Na+ in  response  to NaCl  because
of the  increased  cytosolic  Ca2+ level  in  root  cells;  thus,  its root  elongation  was less  inhibited  than  that  of
WT  by NaCl.ntroduction
In environments affected by salts, especially NaCl, some plant
pecies take up Na+. The amount of Na+ absorbed exceeds that of
a+ extruded through the plasma membrane (PM) cation channels,
eading to excessive Na+ accumulation in root cells. This can bring
bout a series of Na+-toxicity events, such as damage to systems
hat absorb and utilize Ca2+ and K+ ions. Damage to these systems
egatively affects plant growth and development, since Ca2+ and K+re essential for various physiological and biochemical processes
Demidchik et al., 2002; Demidchik and Maathuis, 2007; Ebrahimi
nd Bhatla, 2012; Hilge, 2012).
Abbreviations: MPK, mitogen-activated protein kinase; NCC, Na+-conducted cur-
ent; NSCC, non-selective cation channel; PM,  plasma membrane; RCP, root cell
rotoplast.
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Na+ toxicity results from excess absorption of Na+ by root cells,
since roots are directly exposed to NaCl in soil. Among the PM
cation channels, K+ channels synchronously transport K+ and Na+
ions (Volkov et al., 2009). When Arabidopsis seedlings were sub-
jected to excessive NaCl, the outward-rectifying K+ channels at
the PM of root cells were activated by SOS1 (salt overly sensi-
tive 1, a PM Na+/H+ antiporter), an Na+ efﬂux system (Shabala
et al., 2005). Unlike K+ channels, PM non-selective cation chan-
nels (NSCCs) have a relatively high afﬁnity for Na+ while allowing
unidirectional Na+ inﬂux into root cells in Arabidopsis (Demidchik
et al., 2002; Volkov and Amtmann, 2006). Thus NSCCs are con-
sidered to be the major pathway for Na+ uptake in root cells
(Demidchik and Maathuis, 2007). In previous studies, the instanta-
neous Na+-conducted currents (NCCs) through the PM NSCCs were
revealed in different types of cells, such as guard cells of Vicia faba
(Zhao et al., 2011) and root cells of Thellungiella halophila (Volkov
and Amtmann, 2006). These currents hared common character-
istics: they are time-independent, voltage-dependent, sensitive
to quinine (a non-selective cation channels blocker), and insen-
sitive to tetraethylammonium (TEA; a K+ channel blocker) or
verapamil (a Ca2+ channel blocker). Interestingly, NSCCs activity
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s involved in plant root growth under NaCl stress. The halophyte
hellungiella maintains an appropriate Na+/K+ ratio by mediating
a+ inﬂux through PM NSCCs in root cells, and thus grows nor-
ally in high-NaCl environments (Volkov and Amtmann, 2006).
ts response differs from that of the glycophyte Arabidopsis, which
hows inhibited growth when exposed to NaCl (Demidchik et al.,
002; Xu et al., 2008). These ﬁndings showed that the activity of
SCCs is a general mechanism by which plants tolerate NaCl stress.
NaCl-induced toxic Na+ uptake through PM NSCCs can be antag-
nized by increased Ca2+ inﬂux and cytosolic Ca2+ levels (Volkov
nd Amtmann, 2006; Demidchik and Maathuis, 2007), and this
ntagonism contributed to the growth of plant roots (Demidchik
nd Tester, 2002; Demidchik et al., 2002). New research on bio-
hysical proﬁles indicated that sunﬂower roots depend on Ca2+ to
lock NaCl-imposed toxic Na+ uptake (Ebrahimi and Bhatla, 2012).
owever, little is known about how plants increase cytosolic Ca2+
o tolerate Na+ toxicity under NaCl stress.
Mitogen-activated protein kinase (MPK) cascades consist of
hree sequential components, MPK  kinase kinase (MKKK), MPK
inase (MKK), and MPK. Various combinations of MPK  cascades
ediate plant tolerance to NaCl, and play roles in cell wall biosyn-
hesis and cell growth and differentiation (Antonsson et al., 2006;
olcombet and Hirt, 2008). Activation of the MKK9-MPK6 cascade
ediates sensing of NaCl in Arabidopsis, as revealed by the fol-
owing experimental ﬁndings: (1) MKK9 directly phosphorylated
nd activated MPK6 in Arabidopsis seedlings (Xu et al., 2008); (2)
aCl increased the kinase activity of MPK6 in Arabidopsis seedlings
Ichimura et al., 2000); and (3) seedlings of the loss-of-function
utant mkk9 were insensitive to NaCl inhibition of root elon-
ation (Alzwiy and Morris, 2007; Xu et al., 2008). These results
howed that the activity of MPK6 negatively regulates tolerance
o NaCl stress in Arabidopsis. Nevertheless, MPK6-activated SOS1
Yu et al., 2010) likely control PM K+ and H+ ﬂux, but not Na+ ﬂux
Shabala et al., 2005). Thus, there is still a missing link between
he activation of MPK6 and the ﬂux of Na+ through the PM of plant
ells in the signaling pathway for NaCl stress. Activation of SOS1
ypassed the Ca2+-sensing SOS3, indicating that the signaling path-
ays of the Na+ ﬂux system SOS1–SOS2–SOS3 are highly branched
Shabala et al., 2005). Besides its involvement in activating SOSs,
PK6 was shown to mediate cytosolic Ca2+ homeostasis by mod-
fying the activity of PM Ca2+ transporters, such as the glutamate
eceptors (GLRs), the cyclic nucleotide gated channels (CNGCs), in
rabidopsis seedling roots in response to fungus stimuli (Vadassery
t al., 2009). However, it remains to be determined whether NaCl-
odiﬁed cytosolic Ca2+ homeostasis is involved in NaCl-activated
PK6 signaling (Ichimura et al., 2000) or MPK6-activated SOS1
ctivity (Yu et al., 2010).
In this study, we investigated root growth in the loss-of-function
utants mpk6-2 and mpk6-3 seedlings in response to NaCl stress.
e analyzed NaCl-initiated events such as PM Na+ ﬂux, cytosolic
a2+ homeostasis, and variations in the Na+/K+ ratio, and compared
he responses between the mutants and WT.  Our ﬁndings provided
he evidence that the inactivation of MPK6 allowed Arabidopsis
eedlings to increase the cytosolic Ca2+ level and to buffer toxic
a+ accumulation in root cells exposed to NaCl.
aterials and methods
lant materials and growth conditions
Arabidopsis thaliana L. (Columbia-0) was used as WT.  The
-DNA insertion lines were mpk6-2 (Salk 073907) and mpk6-3
Salk 127507). Their homozygotes were indented by our col-
eagues, and the expression of MPK6 in these mutants is null (Wang
t al., 2010). Sequence data from this article have been deposited inysiology 171 (2014) 26– 34 27
Arabidopsis Genome Initiative databases under the accession num-
ber At2g43790 for mitogen-activated protein kinase 6 (MPK6).
All seeds were surface-sterilized with 0.1% HgCl2 and washed
with distilled water, and sown on Murashige-Skoog (MS) medium
(0.6% agar, 1% sucrose). The seeds were kept for 3 d at 4 ◦C in the
dark to break dormancy, and then transferred to a growth chamber
for a further 4 days. The growth conditions in the chamber were
as follows: day/night temperatures of 22 ◦C/18 ◦C, respectively,
approximately 70% relative humidity, 16/8-h light/dark photope-
riod with a light intensity of approximately 100 mol m−2 s−1. The
seedlings were then transferred to fresh MS  (1.2% agar, 1% sucrose)
or containing NaCl and/or other treatments. The plates were placed
vertically.
Measurement of primary root length
As described by Bai et al. (2009), the lengths of the primary roots
of seedlings were measured under a FV1000 microscope (Olympus,
Tokyo, Japan) each day.
Isolation of root cell protoplasts (RCPs) and whole-cell
conﬁguration patch-clamp recordings
RCPs were isolated from 10-d-old seedlings as described by
Demidchik and Tester (2002). The whole-cell voltage-clamp cur-
rent in root protoplasts was  recorded with an EPC-9 ampliﬁer
(HEKA Elektronik, Lambrecht, Germany). Whole-cell currents were
obtained in response to 3-s voltage pulses (ranging from −190 to
+110 mV  in 20-mV steps). After establishing the whole-cell conﬁg-
uration, the membrane potential was  clamped to −52 mV (holding
voltage), and the Na+ and Ca2+ currents were recorded 15 min
before and after treatments with NaCl and/or other compounds.
To record whole-cell Na+-conducted currents (NCCs), the patch-
clamp pipette solution contained 50 mM Na-gluconate, 2 mM
NaCl, 5 mM Hepes, and 2 mM MgCl2 (pH 7.2), with osmolarity at
510 mOsmol kg−1 adjusted with d-sorbitol. The bath solution con-
tained 25 mM Na-gluconate, 0.05 mM CaCl2, and 2 mM MES  (pH
5.5). NaCl were added to bath solution to create salt-stress con-
ditions. In both cases (salt stress or not), the ﬁnal osmolarity was
adjusted to 490 mOsmol kg−1 with d-sorbitol. To evaluate antago-
nism between cytosolic Ca2+ and Na+ uptake in root cells, various
concentrations of CaCl2 was  added to the pipette solution. The ﬁnal
osmolarity was  380 mOsmol kg−1 adjusted with d-sorbitol.
For measurement of whole-cell Ca2+-permeable channel
currents, the pipette solution contained 10 mM BaCl2, 0.1 mM
dithiothreitol (DTT), 2 mM EGTA, and 10 mM Hepes-Tris (pH 7.2),
with osmolarity adjusted to 510 mOsmol kg−1 with d-sorbitol. The
bath solution contained 100 mM CaCl2, 0.1 mM DTT, and 10 mM
MES-Tris (pH 5.5). NaCl were added to the bath solution to cre-
ate salt-stress conditions, and the ﬁnal osmolarity was  adjusted to
490 mOsmol kg−1 with d-sorbitol.
Whole-cell data were low-pass ﬁltered with a cut-off frequency
of 2.9 kHz and analyzed with the software PULSE and PULSE-
FIT (version 8.3). The ﬁnal whole-cell currents are expressed as
currents per unit capacitance (pA pF−1) to account for variations
in cell surface area.
Creation of aequorin-expressing plantsWT  and mpk6-3 plants constitutively expressing aequorin were
generated by transformation with pMAQ2, a gift from Dr. M.  Knight
according to Bai et al. (2009). The F2 generation was screened and
used to measure aequorin luminescence.
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easurements of cytosolic Ca2+ content in transgenic seedling
oots
To evaluate aequorin luminescence, roots were dissected from
0-d-old transgenic seedlings grown on MS.  The roots were incu-
ated in 2.5 mM native coelenterazine (Promega, Madison, WI,
SA) overnight in the dark at approximately 25 ◦C. The next day,
0 roots were placed in a transparent plastic cuvette without
iquid, and then transferred into a TD20/20n digital luminome-
er (Turner Biosystems, Sunnyvale, CA, USA). Luminescence was
ecorded every 0.2 s. After 20 s, the buffer with or without NaCl was
dded to the cuvette and the luminescence was measured. At the
nd of each experiment, the remaining aequorin was discharged
y adding an equal volume of 2 M CaCl2 and 20% ethanol. Lumines-
ence values were converted to Ca2+ concentrations according to
night et al. (1991).
otal RNA extraction and RT-PCR
Seedlings grew on MS  or containing 120 mM NaCl for
 days. RNA was extracted from seedling roots using TRI-
ol reagent (Invitrogen). Reverse transcription was  performed
sing 5 g RNA and SuperScript II Reverse Transcriptase
Takara). The cDNA was diluted for RT-PCR. The RT-PCR was
erformed with the PCR system (Biorad S1000). The tran-
cript level of ACTIN2 was used as the control, which was
mpliﬁed using the primers 5′-ATTACCCGATGGGCAAGTCA-3′ (for-
ard, F) and 5′-CACAAACGAG GGCT GGAACA-3′ (reverse, R).
he other gene-speciﬁc primers used for PCR ampliﬁcations
ere as follows: CNGC3 (F: 5′-GAAGCC CGAGCGATTTTGTC, R:
′-GGTTTAAAGCAGCACCAGCC); CNGC10 (F: 5′-TGTTTAGGTTCA
AGATGAAGGCA, R: 5′-AATCGCCAAAGCAACCACAC); CNGC15 (F:
′-ACCGGTGTTGTAACCGAGAC, R: 5′-AGCTGAGGTT CTTCAAGCCC);
NGC20 (F: 5′-CCTCGAACGCTCTTCTGTAAA, R: 5′-CTAGTTATAG
CTTTAGTTTGTA); GLR1.3 (F: 5′-GGCGGGAACTCGTTGTTA GA, R: 5′-
GACTGTACACGAACACCGT); GLR2.5 (F:5′-AGGAGGCCATCAGAGA
CTT, R: 5′-AGCCAAAGCCATCAGCCTTA); GLR3.1 (F: 5′-AACGTAGTG
CTTCCTCAGC, R: 5′-CACCACATCTGACCAGCCAT).
easurements of Na+ and K+ contents
Roots were collected from 10-d-old seedlings grown on MS
r containing indicated compounds, their Na+ and K+ contents
ere determined by inductively coupled plasma-atomic emission
pectrometry (ICP-OES; Perkin-Elmer Optima 2100DV, Shelton, CT,
SA). To kill root tissues, they were subjected to 110 ◦C for 10 min,
nd then dried at 70 ◦C for 48 h. The dried tissues were inciner-
ted at 550 ◦C for 6 h. An aliquot of sample ash was  dissolved in
.5 M HCl solution, and then the concentrations of Na+ and K+ were
etermined.
tatistical analysis
Differences in various parameters were compared using Stu-
ent’s t-test (**P < 0.01, *P < 0.05).
esults
pk6 seedling root elongation was insensitive to NaCl
To investigate the role of MPK6 in NaCl-inhibited root elon-
ation, the elongation of the mpk6-2 or mpk6-3 mutants was
xamined in response to various concentrations of NaCl. The root
ength was not signiﬁcantly different between WT and mpk6
eedlings grown on MS  for 10 d (Fig. 1A). However, on MSysiology 171 (2014) 26– 34
containing ≤120 mM NaCl, roots of mpk6-2 or mpk6-3 seedlings
were longer than those of WT  seedlings from 5 d after trans-
fer (Fig. 1C and D). At 10 days on MS  containing 120 mM
NaCl, the lengths of mpk6-2 roots (2.85 ± 0.29 cm)  or mpk6-
3 roots (2.89 ± 0.28 cm)  were approximately twice that of WT
(1.43 ± 0.13 cm)  (Fig. 1B–D). On MS  containing ≥150 mM  NaCl,
mpk6 mutants and WT  showed similarly inhibited root elongation
(Fig. 1C). These observations showed that the mpk6 mutants lost
their sensitivity to moderate concentrations of NaCl, as determined
by inhibition of seedling root elongation
Alleviation of Na+-inhibited root elongation in mpk6 required
cytosolic Ca2+
The mechanisms of plant adaptations to salinity include tol-
erance to osmotic stress and to Na+ toxicity. Thus we tested
whether mpk6 tolerated Na+ toxicity. On MS  containing 120 mM
Na-Glutamate, the mean primary root length of mpk6-2 or mpk6-
3 was  approximately 1.9-fold that of WT (Fig. 2A), similar to the
root lengths on MS  containing 120 mM NaCl (Fig. 1A). However,
root lengths were similar in WT  and mpk6 seedlings grown on MS
containing 120 mM KCl or 300 mM mannitol (Fig. 2A). These results
suggested that mpk6 was able to tolerate toxic Na+ accumulation.
We investigated whether the lower sensitivity of root elon-
gation to NaCl in mpk6 was dependent on Ca2+. Various
concentrations of CaCl2 (5–20 mM)  did not result in differences
in root elongation between mpk6-3 and WT  during a 10 d period
(Fig. 2B). In contrast, when 0.5 mM EGTA (a Ca2+ chelator) was
added to MS  contained 120 mM NaCl, root elongation was simi-
larly inhibited in mpk6-2 (0.22 ± 0.05 cm), mpk6-3 (0.21 ± 0.04 cm),
and WT  (0.21 ± 0.05 cm)  seedlings (Fig. 2B). A similar trend was
observed when 1 mM LaCl3 was added to MS  contained 120 mM
NaCl (Fig. 2B). Conversely, when the Ca2+ ionophore A23187
(10 M)  was added to MS  contained NaCl, the mean root length of
mpk6 seedlings was signiﬁcantly longer than that of WT seedlings
(Fig. 2B). These observations suggested that Ca2+ was required for
NaCl-insensitive root elongation in mpk6.
mpk6 reduced Na+ uptake under NaCl stress by mediating plasma
membrane (PM) NCCs in root cells
To illuminate the less-sensitivity of mpk6 root elongation to
toxic Na+ uptake, root cell protoplasts (RCPs) were isolated from
10-d-old seedlings grown on MS,  and the patch-clamp technique
with the whole-cell conﬁguration was  used to evaluate NCCs in root
cells in response to NaCl.
In WT  RCPs, the amplitude of NCCs ranged from −18.4
(±1.5) pA pF−1 (at −190 mV)  to +40.1 (±4.6) pA pF−1 (at +110 mV)
during 15 min  in NaCl-free solution (Fig. 3A and D). The addition
of NaCl to the bath solution resulted in signiﬁcant increases in
inward NCCs, but not outward NCCs, (Fig. 3A, B, D and E). For exam-
ple, 50 mM NaCl increased the maximum inward Na+ currents to
−59.9 (±5.5) pA pF−1 at −190 mV,  while the maximum outward
NCCs remained at +44.9 (±4.9) pA pF−1 at +110 mV (Fig. 3A and D).
Meanwhile, the membrane potential showed a positive shift from
−52 mV  to −0.5 mV (Fig. 3D).
In mpk6-3 RCPs, the amplitude of NCCs ranged from −6.3
(±1.5) pA pF−1 (at −190 mV)  to 27.9 (±2.6) pA pF−1 (at +110 mV)  in
NaCl-free bath solution (Fig. 3B and E). The addition of ≤20 mM
NaCl did not increase inward or outward NCCs of mpk6-3 RCPs
(Fig. 3B and E). In the presence of ≥50 mM NaCl, the increase
of the outward NCCs was  greater than that in inward NCCs. For
example, 50 mM NaCl increased the maximum inward NCCs to
−23.8 (±2.5) pA pF−1 at −190 mV (Fig. 3B and E), while the max-
imum outward NCCs increased to −62.5 (±3.9) pA pF−1, 2.6-times
that of the maximum inward NCCs (Fig. 3B and E). Moreover, the
S. Han et al. / Journal of Plant Physiology 171 (2014) 26– 34 29
Fig. 1. Sensitivity of root elongation to external NaCl. Root elongation was  compared among mpk6-3, mpk6-2, and WT seedlings. All Arabidopsis seeds were germinated on
MS  for 3 d, and then seedlings were transferred to fresh MS  or MS  containing indicated additives. Root length was measured daily. Representative samples are shown. (A)–(B)
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20  mM NaCl for 2, 4, 8, and 10 d. Values in (C) and (D) are means ± SD of 70–90 see
eversal potential showed a negative shift from −52 mV  to −86 mV
n mpk6 root cells (Fig. 3E), reﬂecting that root cells of mpk6
eedlings had a reduced driving force for Na+ excretion through
on-selective cation channels (NSCCs).
These measured NCCs shared the traits of NSCCs-catalyzed
urrents: the magnitude was dependent on NaCl concentrations
nd voltage but independent of time, and the current-voltage
urves were linear (Fig. 3A, B, D and E). To exclude the involvement
f K+- or Ca2+-selective channels, we added various pharmacolog-
cal agents and obtained the following results: these NCCs were
ig. 2. Effects of Ca2+ on the less sensitivity of root elongation to NaCl in mpk6. (A) Elong
20  mM NaCl, 120 mM Na-Glutamate, 120 mM KCl, or 300 mM mannitol. (B) Comparison
S  containing 10 mM CaCl2, 120 mM NaCl + 0.5 mM EGTA, 120 mM NaCl + 10 M A23187
ndependent experiments. NaCl (B) for 10 d. (C) Elongated roots of 10-d-old WT,  mpk6-2, or mpk6-3 seedlings
ngths among WT,  mpk6-2, and mpk6-3 seedlings grown on MS or MS  containing
s from at least ﬁve independent experiments.
inhibited by 0.5 mM quinine, but not by 10 mM TEA+ or 0.1 mM
verapamil, as measured 15 min  after addition of these compounds
to the bath solution (Fig. 4A and B).
Internal Ca2+ reduced NaCl-increased PM NCCs in root cellsWe checked whether there was an antagonistic relationship
between intracellular Ca2+ and Na+ uptake in response to NaCl.
The amplitude of NCCs in WT RCPs with 50 mM NaCl in the bath
solution served as the control. When 5 M CaCl2 was  added to the
ated roots of 10-d-old mpk6-2, mpk6-3, or WT  seedlings grown on MS  containing
 of increases in root length of 10-d-old mpk6-2, mpk6-3, or WT seedlings grown on
, or 120 mM NaCl + 1 mM LaCl3. Values are means ± SD of 50–70 seedlings from ﬁve
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Fig. 3. NaCl-induced Na+ ﬂux in root cells of mpk6 and WT.  Whole-cell Na+-conducted currents (NCCs) in root cell protoplasts (RCPs) from 10-d-old seedlings measured
using patch-clamp technique. (A) and (B) Amplitudes of inward and outward NCCs through plasma membrane (PM) of WT (A) or mpk6-3 (B) RCPs with 0, 20, or 50 mM NaCl
in  the bath solution. Representative current curves from at least ﬁve independent experiments are shown. (C) Voltage protocols in 20-mV-increments between −190 mV
and  +110 mV (from holding voltage of −52 mV). (D)–(E) Relationship between current density of NCCs (pA pF−1) and reversal potential (mV) in WT (D) and mpk6-3 (E) root
cells.  Values are mean currents from at least ﬁve independent recordings ± SE.
Fig. 4. Characteristics of NCCs in WT Arabidopsis seedling root cells. (A) Whole-cell instantaneous currents in RCPs from 10-d-old WT seedlings grown on MS.  Data were
obtained  after 10-min exposures to indicated treatments, including 0.5 mM quinine (PM Ca2+ channel inhibitor), 10 mM tetraethylammonium (TEA+; K+ channel blocker), or
0.1  mM verapamil (Ca2+ channel blocker). Representative current curves from at least ﬁve independent experiments are shown. (B) Relationship between whole-cell current
density of NCCs (pA pF−1) and membrane potential (mV). NCCs values are means from at least ﬁve independent recordings ± SE. (C) Voltage protocols as described in caption
of  Fig. 3C.
S. Han et al. / Journal of Plant Physiology 171 (2014) 26– 34 31
Fig. 5. Effects of internal Ca2+ on NaCl-induced NCCs. (A) Changes in whole-cell PM NCCs in WT RCPs from 10-d-old seedlings, with 0, 5, or 50 M CaCl2 in pipette solution, and
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ells antagonized NaCl-imposed Na+ uptake from the intracellular
pace.
ncreased NaCl-induced cytosolic Ca2+ accumulation in root cells
f mpk6
To examine whether mpk6 increased cytosolic Ca2+ levels in
esponse to NaCl stress, aequorin (Aq)-expressing mpk6 and WT
lants were created. Roots of 10-d-old seedlings were cut from
ransgenic plants, and the luminescence of cytosolic Ca2+ was  mon-
tored. In the absence of NaCl, the cytosolic Ca2+ content was  ∼0.15
±0.12) M in WT roots or 0.25 (±0.13) M in mpk6-3 roots (Fig. 6A
nd B). Addition of 120 mM NaCl caused a steep increase in Ca2+
ontent, with peak values of 3.17 (±0.23) M in roots of trans-
enic mpk6-3 and 1.45 (±0.22) M in roots of WT  (Fig. 6A and
). During the whole observation period, the NaCl-induced cyto-
olic Ca2+ increase in root cells was grater in mpk6 than in WT
Fig. 6).
We also observed Ca2+ accumulation in the root cell using
he Ca2+-sensitive ﬂuorescence probe Fluo3-AM staining. Confocal
icroscope images indicated that the NaCl-elevated Ca2+ level was
igher in mpk6 roots than in WT  roots, and this increase was  mainly
oncentrated in the cytosol of root cells (Supplemental data). These
uggested that the increase of the cytosolic Ca2+ level was positively
orrelated with the external NaCl concentration.t experiments are shown. (B) Comparison of maximum NCCs (pA±pF−1) between
below the X axis, while maximum outward NCCs (at +110 mV) are above the X axis.
rotocols as described in caption of Fig. 3C.
Increased NaCl-induced PM Ca2+ inﬂux in root cells of mpk6
We further investigated PM Ca2+ inﬂux through Ca2+-permeable
channels by measuring voltage-independent whole-cell currents.
In NaCl-free conditions, the magnitude of Ca2+ currents in
root cells did not differ signiﬁcantly between 10-d-old mpk6-3
(−25.7 ± 7.1 pA pF−1) and WT (−30.7 ± 6.3 pA pF−1) at −190 mV
(Fig. 7A–D). The NaCl-increased Ca2+ currents in root cells were
higher in mpk6-3 than in WT.  When 50 mM NaCl was added to
the bath solution, the maximum Ca2+ current in root cells (at
−190 mV)  in mpk6-3 (−88.6 ± 7.2 pA pF−1) was 1.65-fold that in WT
(−53.7 ± 4.6 pA pF−1) (Fig. 7A–D). These results indicated that NaCl
promoted greater apoplastic Ca2+ inﬂux into the cytosol of mpk6
root cells than into the cytosol of WT  root cells.
We also evaluated the activity of PM-located Ca2+ transporters.
RT-PCR analyses showed that the transcript levels of CNGC3/10 or
GLR2.5/1.3 were markedly higher in mpk6 seedling roots than in WT
seedling roots under NaCl stress (Fig. 7E). These provided further
evidence that activation of PM-located Ca2+ channels was  greater
in mpk6 roots than in WT  roots under NaCl stress.
Requirement for Ca2+ to alleviate NaCl-induced increase of Na+/K+
ratio in mpk6 root cells
To verify that the increase in cytosolic Ca2+ played a role in allevi-
ating NaCl-imposed Na+ uptake in mpk6, roots were collected from
10-d-old seedlings grown on MS  or contained various additions,
and the Na+ content, K+ content, and Na+/K+ ratio were analyzed.
In NaCl-free conditions, the Na+ contents in root tissues of mpk6-
2 or mpk6-3 were similar to that in root tissues of WT  (Fig. 8A).
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Fig. 6. Cytosolic Ca2+ level in aequorin-expressing mpk6 and WT  seedling roots in response to NaCl. (A) and (B) Seedling roots were cut from aequorin-expressing WT (A)
or  mpk6-3 (B) seedlings grown on MS  for 10 days (after transfer). Cytosolic Ca2+ levels in roots were quantiﬁed by measuring Aq luminescence intensity in response to NaCl
treatment. Recording started at 20 s after addition of NaCl. Values shown are means from at least ﬁve independent experiments (n = 50–70 roots). Values are means ± SD.
Fig. 7. NaCl-induced PM Ca2+ inﬂux and the expression of genes encoding PM Ca2+ transporters in mpk6 and WT root cells. Whole-cell Ca2+ currents through PM Ca2+-
permeable channels of RCPs from 10-d-old WT  or mpk6-3 seedlings were detected using patch-clamp technique with whole-cell conﬁguration. (A) and (C) Whole-cell Ca2+
currents in WT (A) or mpk6-3 (C) RCPs with 0, 20, or 50 mM NaCl in the bath solution as indicated in the ﬁgures. Representative traces of Ca2+ currents are from at least ﬁve
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n the presence of 120 mM NaCl, the Na+ content in roots of WT
118.9 ± 7.2 mg  gDW−1) was approximately double that in roots
f mpk6-2 (58.4 ± 6.8 mg  gDW−1) or mpk6-3 (60.1 ± 6.6 mg  gDW−1)
Fig. 8A). Unexpectedly, the K+ content in root tissue was not signif-
cantly different between mpk6 and WT  seedlings, with or without
aCl (Fig. 8B). As a result, the Na+/K+ ratio in roots of mpk6-2
0.50 ± 0.1) or mpk6-3 (0.53 ± 0.1) was higher than that in WT  roots
1.1 ± 0.1) (Fig. 8C).
Next, we analyzed how Ca2+ affected on Na+ accumulation in
pk6 under NaCl stress. When 0.5 mM EGTA was added to MS  con-
ained 120 mM NaCl, the Na+ contents in seedling roots of mpk6-2
120.4 ± 7.3 mg  gDW−1) and mpk6-3 (122.6 ± 7.4 mg  gDW−1) were
imilar to that of WT  (124.1 ± 7.2 mg  gDW−1) (Fig. 8A). Similar
esults were obtained when 1 mM LaCl3 was added to the bath
olution (Fig. 8A). As a result, the Na+/K+ ratio was similar in mpk6
utants and WT  (Fig. 8C). Conversely, addition of 10 M A23187
aused greater decrease in Na+ content (Fig. 8A) and the Na+/K+
atio (Fig. 8C) in root tissue of mpk6 than in root tissue of WT.
hese results indicated that increment of the cytosolic Ca2+ level
as required to decrease NaCl-induced Na+ uptake in root cells of
pk6.
iscussion
This study focused on how inactivation of MPK6 affected NaCl-
nduced Na+ uptake and cytosolic Ca2+ homeostasis in root cells
f Arabidopsis seedlings. Based our results, we  propose a working
odel to explain the role of Arabidopsis MPK6 in mediating NaCl-
mposed Na+ accumulation in root cell. This process was  dependent
n PM Ca2+ ﬂux and the cytosolic Ca2+ level (Fig. 9).
MPK6 activity plays a key role in tolerance to NaCl stress in Ara-
idopsis. Here we found that root elongation of the mpk6 mutant
as insensitive to NaCl, unlike that of WT  (Fig. 1). This was  con-
istent with the previous ﬁndings that NaCl increased the kinase
ctivity of Arabidopsis MPK6 in a time- and dose-dependent manner
Ichimura et al., 2000), and that the NaCl-induced kinase activity
f MPKs was positively correlated with salt resistance in Ara-
idopsis (Nakagami et al., 2005). Moreover, in seedlings of various
kk9 mutants, root elongation was not inhibited by NaCl (Alzwiy
ig. 9. A putative pathway for involvement of Arabidopsis MPK6 in Ca2+-based Na+
ux in root cells under NaCl stress. Solid and dotted lines indicate possible regula-
ory steps based on our data and data from other studies, respectively. A detailed
escription of this model is provided in the text.ysiology 171 (2014) 26– 34 33
and Morris, 2007; Xu et al., 2008), implying that loss of MPK6
activity conferred NaCl tolerance on mkk9. Therefore, it is rea-
sonable that root elongation of mpk6 seedlings was insensitive to
NaCl.
The less-sensitive characteristic of the mpk6 mutants to NaCl
could result from decreased Na+ uptake in root cells. Changes
in NCCs through PM NSCCs are essential for Na+ absorption by
plants (Demidchik et al., 2002; Shabala et al., 2005; Volkov and
Amtmann, 2006; Demidchik and Maathuis, 2007). Here, the traits
of these NCCs measured in the mutants and WT (Figs. 3 and 4) were
identical to those described in previous studies (Demidchik et al.,
2002; Zhao et al., 2011). That is, the Na+ currents recorded here
reﬂected the activity of NSCCs, but not by K+- or Ca2+-selective
channels. Importantly, in the presence of 50 mM NaCl, the mag-
nitude of inward NCCs decreased while that of outward NCCs
dramatically increased in mpk6 root cells, compared with those in
WT (Fig. 3). This ﬁnding was  consistent with the lower Na+ con-
tent in root tissues of mpk6 than in those of WT  (Fig. 8). These
data reﬂected that mpk6 alleviated Na+ accumulation in root cells
under NaCl stress, supporting the idea that the restriction of uni-
directional Na+ inﬂux through NSCCs in roots is a major strategy
for tolerance to NaCl stress in plant (Knight et al., 1997; Chen
et al., 2007). Moreover, NaCl shifted the reverse potential to a more
negative value in mpk6 root cells than in WT root cells (Fig. 3
D and E). This negative shift could reduce the electrochemical
force driving Na+ excretion, since one of the early responses of
plants to excessive NaCl is membrane depolarization (Chen et al.,
2007).
Besides alleviating Na+ accumulation (Figs. 3 and 7), mpk6
signiﬁcantly increased PM Ca2+ inﬂux (Fig. 7) and the cyto-
solic Ca2+ level in root cells under NaCl stress (Fig. 6 and
Supplemental data). Since the less-sensitivity of mpk6 root elon-
gation to NaCl stress was  diminished in the absence of Ca2+
(Fig. 2), both PM Ca2+ inﬂux (Fig. 7) and an increase in cyto-
solic Ca2+ (Fig. 6) were assumed to be critical mechanisms
underlying the alleviation of NaCl-imposed Na+ uptake in root
cells of mpk6 (Fig. 3). This is because increased cytosolic Ca2+
not only blocks Na+ accumulation in root cells (Demidchik and
Maathuis, 2007; Ebrahimi and Bhatla, 2012), but is also essential
for cell elongation (Knight et al., 1997; Demidchik and Maathuis,
2007).
In response to NaCl, mpk6 showed a lower level of Na+
accumulation and a smaller increase of Na+/K+ ratio in root
tissue compared with those in the WT (Fig. 8), which was
consistent with the less-sensitive characteristic of mpk6 root
elongation to NaCl stress (Fig. 1). Both processes were simi-
larly inﬂuenced by cytosolic Ca2+ homeostasis (Figs. 2 and 8).
The mpk6 seedlings mimicked some salt-tolerant plant species,
such as Thellungiella (Volkov and Amtmann, 2006) or barley
(Chen et al., 2007), to limit Na+ uptake by root cells in a
saline environment. Likewise, an increase in cytosolic Ca2+ allows
these plants to retain a reasonable Na+/K+ ratio and cell growth
under NaCl stress (Shabala et al., 2006; Demidchik and Maathuis,
2007).
In short, our results provided details about the mechanism
by which MPK6 negatively regulates salt tolerance in Arabidopsis.
These ﬁndings contribute to our understanding of salt-tolerance
mechanism in plant.
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